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than oak, with differences in annual water recharge in the range 31-174 mm year-1 and with greater differences in 
rainy years (precipitation >900 mm year-1). 
 
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of the Scientific Committee of the conference. 
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1. Introduction 
During coming decades, it is expected that the European Union will face a reduction in agricultural 
area and a conversion of abandoned cropland into forest [1]. There is strong evidence that afforestation of 
abandoned cropland has a direct impact on the water balance, affecting evapotranspiration and 
subsequently groundwater recharge [2]. This is partly due to increased canopy interception compared 
with cropland. A particularly important factor is the composition of the vegetation cover. Some studies 
indicate that water recharge is lower in Norway spruce than in oak stands, a finding mainly attributed to 
higher interception evaporation losses in spruce stands compared with oak [3,4].  
The development of computer simulation models has provided methods to explain how changing land 
use affects hydrological fluxes. A number of forest models are available to predict soil water dynamics, 
ranging from simple regression models to complex process-based models. Understanding the water 
balance in the soil is the first step in determining how the soil water flow affects the leaching of chemicals 
from agricultural, forest and natural areas. In Denmark, this has led to the development of the DAISY 
model [5]. It is a mechanistic one-dimensional agro-ecosystem model that offers a detailed description of 
water balance in agricultural systems, which considers soil water dynamics, snow accumulation and 
melting, interception by canopy, infiltration and ponding, soil evaporation and transpiration.  
In the present study, the DAISY model was used to investigate changes in soil water balance over time 
following afforestation of a former arable soil (sandy loam) in Denmark using soil moisture measurement 
from six forest stands (two forest types at three stages of stand development) and climate data from nine 
hydrological years (April 2001-March 2010). This manuscript is a summary of a paper recently published 
by the authors [6].  
 
Nomenclature 
GLUE Generalised Likelihood Uncertainty Estimation  
Kc Potential evapotranspiration factor 
2. Material and Methods 
2.1. Site description and measurement 
This modelling approach used data collected from an afforestation chronosequences of common oak 
and Norway spruce on former arable soils situated 15 km west of Copenhagen, Denmark (55°41´N, 
12°21´E, altitude 20-28 m a.s.l.). Tree seedlings have been successively planted on arable land from 1967 
onwards and today new forest stands are still being continuously established. For the present study, three 
stands of common oak (Quercus robur L.) (planted 1993, 1979 and 1970) and three stands of Norway 
t rs. Published by Elsevier B.V
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spruce (Picea abies (Karst.) L.) (planted 1997, 1988 and 1969) were selected to represent 
chronosequences ranging from 4 to 32 years since afforestation. These stands were denoted VO93, VO79 
and VO70, and VS97, VS88 and VS69 (V for Vestskoven, O for oak, S for spruce, and the year of 
planting). A detailed description of the area, forest stands, soil chemistry, management practices and 
measurements carried out during the period 2000-2005 in the forest chronosequences is presented in [4], 
[7], [8] and [9]. 
In each forest stand, three circular subplots (20 m diameter) were established and used for all 
measurements. Soil water content was measured using TDR equipment (Prenart TDR system, Denmark). 
Stationary TDR probes were inserted vertically within a fixed depth interval of 0-0.9 m. Measurements 
were carried out using a Tektronix cable tester and a handheld PC once a month between April 2001 and 
December 2002 at three TDR measurement points in each circular subplot, giving nine determinations per 
depth in each forest stand. The measurements continued only in the oldest oak stand (VO70) until March 
2010. 
2.2. Model calibration and uncertainty estimation 
The soil water profiles were initialized by using data obtained from the experimental data set. The 
GLUE procedure [10] was used to calibrate and quantify the uncertainty in soil water content over 0-90 
cm. More details about GLUE procedure carried out in this study can be found in [6]. GLUE estimates 
were compared with monthly soil water content measurements performed within each stand during the 
monitoring period, between April 2001 and December 2002 (19-month calibration period). The GLUE 
methodology was applied separately to the three oak stands (VO93, VO79 and VO70) and the three 
Norway spruce stands (VS97, VS88 and VS69). Data for the period January 2003-March 2010 (75 
months) were only available for the VO70 stand, so these data were used to evaluate the model 
performance in predicting medium-term soil water content over 0-90 cm. The median of the nine 
observed monthly soil water contents at 0-90 cm was calculated for comparison with GLUE estimates 
obtained for the study period. For the calibration period (April 2001-December 2002), 10,000 Monte 
Carlo sets of parameters were generated from uniform distributions across the specified ranges for 
parameter values for the forest stands (i.e. leaf area index over the year factor, canopy water interception 
capacity coefficient, Kc and maximum penetration rooting depth) and for the soil hydraulic parameters 
included in the Campbell model. 
2.3. Sensitivity analysis 
A sensitivity analysis was carried out for all parameters selected in the Monte Carlo simulations using 
the GLUE results. This methodology considers the likelihood weights for the behavioural simulations 
[10]. The sensitivity analysis was performed by comparison of the cumulative distribution for the 
posterior behavioural simulations of soil water content (0-90 cm) simulations and non-behavioural 
simulations. The parameters that showed a strong deviation between behavioural and non-behavioural 
cumulative distributions across the same parameter range were considered the most sensitive. In contrast, 
parameters that were uniformly distributed were considered less sensitive to changes in parameter values. 
2.4. Long-term virtual stand simulations  
To evaluate the effects of forest dynamics (i.e. growth and canopy expansion) on the water balance in 
the long-term, 35-year simulations were performed using calibrated parameters in the GLUE procedure 
for oak and Norway spruce. Forest stand parameters were linearly transformed in small steps year-by- 
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year. The climate record available for the zone (1998-2010) was repeated, starting each of the measured 
stands at the time when these fitted the timeline. 
3. Results and discussion 
All water content values simulated for the 0-90 cm soil layer with modelling efficiency (E) values 
greater than or equal to 0.5 were accepted as behavioural. Although in some stands less than 5% of the 
simulations were classified as behavioural, these were enough to allow a number of observed data to be 
compared with the GLUE estimates (5% and 95%). The predicted 5% and 95% uncertainty limits defined 
during the calibration period (April 2001-December 2002) are shown for instance in Fig 1 for the oak 
VO70 and Norway spruce VS69 stands. 
 
 
 
Fig. 1. Predictive uncertainty of results for the calibration period April 2001-December 2002 and the study period April 2001-March 
2010 in oak VO70 and Norway spruce VS69 stands. Symbol (•) indicates the median of observed soil water content at 0-90 cm in 
each stand. Black dashed lines indicate 5% and 95% simulation limits and grey lines indicate different hydrological years. 
The temporal trend and magnitude of observed monthly soil water content over 0-90 cm were well 
predicted by the model during the calibration period (April 2001-December 2002), when the uncertainty 
bands included more than 68% of the monthly observed values in the forest stands, except for Norway 
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spruce stand VS88, which only included 50%. When the water content measurements at 0-90 cm for the 
period January 2003-March 2010 were compared with GLUE estimates (5% and 95%) obtained during 
the calibration period for the VO70 forest stand, good agreement was observed (Fig 1). 
In all forest stands in periods when the soil water content at 0-90 cm was high, e.g. in winter and early 
spring, the width of the bands for the calibration period was also high, which indicated that the 
uncertainty in this prediction was high. The results suggest that the parameters controlling water 
movement under saturated conditions, such as soil hydraulic properties, are associated with considerable 
uncertainty. Other field studies carried out in Denmark [11,12] have shown that the spatial variability in 
soil hydraulic properties and the presence of preferential flow directly affect the spatial variation in soil 
water content, even in small areas. Results of the sensitivity analysis in oak and Norway spruce stands 
showed that the Kc and the soil hydraulic parameters included in the Campbell model, such WP, FC and 
s, had a strong deviation between behavioural (E  0.5) and non-behavioural (E <0.5) cumulative 
distributions. The high sensitivity to the parameter Kc in all treatments reflects the role of 
evapotranspiration as a process of direct loss of water from the soil-plant system, which has a 
considerable impact on the water balance in a forest stand. Similarly, [13] pointed out the importance of 
accurate evapotranspiration parametisation at all spatial scales for assessing groundwater recharge. 
Furthermore, soil hydraulic properties have been identified as a sensitive parameter in hydrological 
modelling in forest soils because these parameters directly affect the water movement in the soil. 
The DAISY simulation results revealed important differences between oak and Norway spruce stands. 
During the period April 2001-March 2010, simulated mean annual outputs showed that in the spruce 
stands 16-25% of the incoming precipitation led to water recharge (percolation), whereas water recharge 
in the oak stands ranged between 25-47% of incoming precipitation. Similarly to other studies [3,4], this 
lower water recharge in Norway spruce was attributed to higher interception evaporation losses in spruce 
stands than in oak stands. 
The 35-year simulations of changes in virtual oak and Norway spruce stands on the same soil and 
using the same climate data clearly showed a decline in water recharge after the 10-year point, when 
usually less than 200 mm year-1 of water recharge (WR) and more than 400 mm year-1 of actual 
evapotranspiration (ETa) were predicted for both tree species (Fig 2). Norway spruce displayed a higher 
reduction in water recharge than oak, with a water recharge average after the 30-year point of 58 mm 
year-1 for Norway spruce and 142 mm year-1 for oak. A similar trend was observed in average ETa after 
the 30-year point, when Norway spruce had higher ETa values than oak (588 and 486 mm year-1, 
respectively). The precipitation (PP) varied widely between years, from 458 mm year-1 to 902 mm year-1. 
In Norway spruce, when ETa>PP, particularly after the 12-year point and when the precipitation was 
lower than the mean annual precipitation of 625 mm, the water recharge reached the lowest values, 
around 25 mm year-1. After the 30-year point, during a rainy year (902 mm year-1), the difference in 
annual water recharge between oak and spruce was 174 mm year-1, whereas in a dry year (PP = 458 mm 
year-1), the difference in annual water recharge between oak and spruce was 31 mm year-1. 
In consequence, the differences found on water recharge between oak and Norway spruce should be 
considered in afforestation projects in Denmark, because the majority of water used for domestic water 
supplies come from groundwater, where in some areas nearby field wells would be recommended to plant 
oak instead of Norway spruce to secure water availability in the future. 
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Fig. 2. Long-term virtual oak and Norway spruce simulations (35 years), including precipitation (PP), actual evapotranspiration 
(ETa) and water recharge (WR). 
4. Conclusions 
The agro-ecosystem model DAISY (Version 4.93) was evaluated using hydrological data from 
afforestation chronosequences of oak and Norway spruce in Denmark for nine hydrological years (April 
2001-March 2010). The model was calibrated to simulate monthly soil water content over 0-90 cm in 
stands using data for the period March 2001-December 2002, and correctly predicted the temporal trend 
and magnitude of observed soil water content. In the oldest oak stand (VO70), the GLUE estimates 
obtained during the calibration period (uncertainty bands 5% and 95%) agreed satisfactorily with 
measured monthly soil water content over 0-90 cm in the period January 2003-March 2010. 
Major discrepancies in predicting monthly soil water content over 0-90 cm were attributed to highly 
variable soil water content, which is directly related to the spatial variability in soil hydraulic properties 
that occur in a forest stand. 
The results showed that the composition of the vegetation cover is a key factor in the design of future 
afforestation projects. The predicted values indicated that water recharge is lower under Norway spruce 
than oak, owing to higher interception evaporation losses in spruce. The tree species present directly 
affects the water balance, particularly water recharge of groundwater reservoirs and especially as the 
stand matures. DAISY long-term simulations indicated that the general difference in annual water 
recharge between oak and Norway spruce was 31-174 mm year-1, with higher differences during rainy 
years (precipitation >900 mm year-1). 
0
400
800
1200
1600
20000
200
400
600
800
1000
0 5 10 15 20 25 30 35
Pr
ec
ip
ita
tio
n 
(m
m
)
E
Ta
 a
nd
 W
R
 (m
m
)
Hydrological year
Oak PP Eta Percolation
0
400
800
1200
1600
20000
200
400
600
800
1000
0 5 10 15 20 25 30 35
Pr
ec
ip
ita
tio
n 
(m
m
)
E
Ta
 a
nd
 W
R
 (m
m
)
Hydrological year
Spruce PP Eta Percolation
WR 
WR 
223 O. Salazar et al. /  Procedia Environmental Sciences  19 ( 2013 )  217 – 223 
 
Overall, the agro-based DAISY model proved capable of evaluating the hydrological effects of 
afforestation and the model has potential for simulating future hydrological processes in afforestation 
projects. 
The results showed that the composition of the vegetation cover is a key factor in the design of future 
afforestation projects. The predicted values indicated that water recharge is lower under Norway spruce 
than oak, owing to higher interception evaporation losses in spruce. The tree species present directly 
affects the water balance, particularly water recharge of groundwater reservoirs and especially as the 
stand matures. 
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